Introduction
The central Andes, a noncollisional orogen, have resulted from subduction of the oceanic Nazca (or Farallon) plate beneath continental South America (Figure 1 ). The relative convergence vector, trending N77"+12O, has been almost steady since 50 Ma [Gripp and Gordon, 1990; Pardo-Casas ana' Molnar, 19871 . It is generally assumed that the central Andes were uplifted mainly between the lower Oligocene and the present [Jordan et al., 1983a, b; Jordan and Alonso, 19871. ' Between 15" and 27"S, the central Andes form a plateau, the Altiplano-Puna (Figure 1 ). It lies at about 3800 m, between two mountain ranges, the Eastern Cordillera and a volcanic arc to the west (Figure 1 ). Under the Altiplano the continental crust is up to 70 km thick [Jaines, 1971; Wigger et al., 1993; Dorbath et al., 1993; Zandt et al., 1994; Beck et al., 19961 , mainly as a result of tectonic shortening [Jordan et al., 1983a, b; Lyon-Caeiz et al., 1985; Allinendinger, 1986; hacks, 1988; Roeder, 1988; Baby et al., 1992a, b; Schmitz, 1994; Lamb and Copyright 1999 by the American Geophysical Union.
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Fonds Documentaire ORSTOM Cote : 4gVC339 i. Hoke, 1997; Schmrtz. and Kley, 19971 , but also ecaÛse of magmatic additions to the crust [Sheffels, 1990; Francis and Hawkesworth, 19941. In map view, the central Andes are arcuate ( Figure 1 ). Between 6" and 1S0S, major structures trend NW-SE, whereas, south of Arica, they adopt a N-S trend. These trends are associated with a remarkable pattem of rotations about vertical axes.
Paleomagnetic studies have demonstrated counterclockwise rotations on the northern limb of the arc, throughout Peru, northernmost Chile, and northern Bolivia [Heki et al., 1983 [Heki et al., , 1984 [Heki et al., , 1985 Kono et al., 1985; May and Butler, 1985; Mitouard et al., 1990; Macedo-Sánchez et al., 1992a, b; Roperch and Curlier, 1992; Tectonic rotations within the Bolivian Altiplano: Implications for the geodynamic evolution of the central Andes during the late Tertiary, submitted to Joumal of Geophysical Research, 1998 , hereinafter referred to as Roperch et al., submitted manuscript, 19981 , and clockwise rotations on the southern limb throughout southem Bolivia, northwestem Argentina, and northern Chile [MacFadden et al., 1990, 1995; Butler et al., 1995; Roperch et al., 1997; Prezzi and Vilas, 19981 . At the hinge of the arc, along a transect from Santa Cruz de la Sierra (Bolivia) to the Peru-Chile trench at about 2OoS, rotations are absent or too small to be measured. Initially, paleomagnetic results were obtained only from the forearc, near the continental margin, but more recent studies have shown that rotations also occur further to the east, within thickened continental crust of the Altiplano-Puna and Eastern Cordillera [Butler et al., 1995; MacFauíiett et al., 1990 MacFauíiett et al., , 1995 Roperch et al., submitted manuscript, 19981 . Although the pattern of vertical axis rotations is striking, there is no consensus as to its origin. The simplest model is that of an orocline. Rotations are assumed to reflect simple bending of the western continental margin of South America, in the manner of a single strut. A plausible mechanical explanation for bending has been given by Isacks [1988] : It i s due to a variation in horizontal shortening along strike, during the Quechua phase (Miocene) of the Andean orogeny. Indeed, shortening reaches a maximum along the Anca -Santa Cruz transect, where the Andes are widest. Beck [1987] interpreted the arcuate shape of the margin as a primary feature, predating Andean deformation. In this view, rotations are confined t o minor crustal blocks, separated by faults. Later, Beck ef al.
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[I9941 accepted that both block rotations and oroclinal bending may have occurred, although in succession.
Fitch [I9721 suggested that oblique convergence at an active margin can lead to partitioning between dip-slip motion on a subduction zone and strike-slip motions on continental faults, parallel to the margin. On applying this model to the central Andes, currcnt convergence should resuli in (1) leftlateral motions on faults trending NW-SE, belween Go and 18"s and (2) right-lateral motions on faults trending N-S, south of the Arica deflection [Beck, 1987; D e w y und Lurnb, 19921. However, this pattern of fault motions is not simple to reconcile with the observed block rotations.
One of the simplest models of block rotation between parallel faults is the domino or bookshelf model [Freud, 19701. On applying this model to the central Andes, assuming that strike-slip faults are parallel or nearly parallel to the margin, we f-ind that clockwise rotations are associated with left-lateral motions and counterclockwise . rotations are associated with right-lateral niotions. These senses of strikeslip are exactly opposite to the ones predicted by the model of Fitch [1972] .
One way out of this dilemma is to associate domino rotations with strike-slip faults that are not parallel to the margin. For example, in the forearc of northern Chile, Forsythe and Cliisholni [ 19941 and Randall et al. [ Figure 2. Geological and structural map of the Puna plateau (modified after Aiuengual et al. [1979] ), showing paleomagnetic sampling sites.
of this kind would be necessary to demonstrate the generality of such an association. Another unsolved problem is the origin of differential rotations between neighboring blocks. From the paleomagnetic database for the central Andes, it is evident that such differential rotations are common. In contrast, according to the domino model (in its purest form, based on parallel straight faults), rotations should be identical in sense and magnitude among neighboring fault blocks.
Thus the origin of rotations in the central Andes is still subject to debate. We believe that expanding the database will help provide explanations. In the Puna plateau of northwestern Argentina, there has been an obvious gap in paleomagnetic sampling until now. To fill this gap and to contribute to the ongoing debate on the origin of rotations in the central Andes, we have obtained and analyzed new paleomagnetic samples from sedimentary and volcanic rocks of Cretaceous and Tertiary ages on the Puna plateau.
Geological Setting
In detail, the Puna plateau is not flat,, Small mountain ranges, made of basement rocks, alternate "with sedimentary basins formed in a compressional setting (Figure 2) . Between the ranges and basins are reverse faults and thrusts [Rimer aid Coira et al., 1982; Marrert et al., 19941. Most of these trend N-S to NNE-SSW.
In terms of subsurface structure, the Puna differs from the Bolivian Altiplano. Several fundamental changes occur across a NW-SE zone between 2Oo-21"S in the magmatic arc and 23' -24"s on the eastern margin of the plateau [Alltnendinger et al., 19971. From north to south the dip of the subducted slab shallows progressively [Callill and hacks, 19921 , the lithosphere thins [Chitin arld hacks, 1983; Whitman et al:, 19961 and the amount of horizontal shortening decreases, directly influencing tectonic style, kinematics, and the distribution and timing of deformation (for a review, see Albnendinger et al. [1997] ).
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All along its westem margin, the Puna plateau abuts the COUTAND ET AL.: VERTICAL AXIS ROTATIONS ON THE PUNA PLATEAU 19931. Deformation then propagated eastward into the thick Paleozoic sedimentaiy sequences of the foreland, forming the Subandean fold-and-thrust belt ( Figure 1 ). Farther south, crystalline basement is covered by thinner Paleozoic strata and conformably overlain by a regressive continental sequence, the Santa Bárbara Subgroup.
Across the Puna, Tertiary continental deposits are found within intermontane basins or along their edges. They are of detrital or volcanociastic origin. From the Paleocene to the Oligocene, red beds were deposited within a wide basin, which may have covered the entire Puna-Altiplano [Jordan mid Alonso, 19871 . Neogene deposits tend to be discontinuous and diachronous, suggesting that basins were spatially independent at that time [Allnieridiizger et al., 19971. 
Paleomagnetic Methods and Magnetic Mineralogy
3.1.
Paleomagnetic Sampling
On a field trip in December 1996, we sampled Mesozoic and Cenozoic sediments and lava flows in intermontane basins throughout the northern and central Puna. For most sampling, we used a portable gasoline-powered drill with a water-cooling system, but used an air-cooled system for clay-rich and weakly lithified layers. Most samplcs werc from continental red sandstones and clay stones of the Cretaceous Pirgua Subgroup (Salta Group) and Tertiary continental sediments; a few were from Tertiary volcanics and Upper Cretaceous limestones. We collected a total of 373 cores at 29 sites (Figure 2 and Table 1 ). Sediments were sampled along short sections, a few meters to 300 m thick, from which 10 to 30 cores were taken. This sampling procedure had the aim of fully averaging secular variation within a sedimentary site. In continental sediments, we always tried to drill the fincst clay layers, assuming that they would better record a detrital remanent magnetization. The 29 sampled sites have been grouped into six localities ( Figure   2 ).
3.1.1. Locality 1: Ocho Hermanos r a n g e s (Figure 3a) . In this northern part of the Puna, we sampled the upper member of the Pirgua Subgroup, the Los Blanquitos Formation which is Santonian to Campanian in age [Reyes arid Salfity, 19731, and Formation by a thin layer of white, calcareous, coarse-grained sandstone of the Lecho Formation. Sites 1, 2, and 3 were sampled on the eastern side of the Ocho Hermanos ranges where strata dip gently northwestward, and site 4 was sampled on the western side where the bedding also dips gently northwestward (Table 1) .
3.1.2.
Locality 2: Abra Pampa (Figure 3 a ) . Sites 6, 7, and 8 are in the southern central part of the valley, within the small isolated ranges of Cerro Ramada, Cerro Catari, and Cerro Abra Pampa. Here the Los Blanquitos Formation crops out and consists of pinkish to whitish sandstones [Coira, 19791. At Cerro Ramada (site 7), Cretaceous sandstones interfinger with a coeval trachyandesite flow which is GO m thick [Coira, 19791 . The strata dip gently northwestward at site 6 and steeply northwestward at sites 7 and 8 (Table 1) . Data presented are site number, location, reference age of sampled units, stratigraphic unit or lithology, geometric mean intensity of natural remanent magnetization (NRM), geometric mean susceptibility (K), bedding attitude, number.of samples used for statistics (n), number of samples measured (N), Fisher's precision parameter (k), radius of circle of confidence at 95% probability level (a95), declination (D), inclination ( I ) , calculated rotation ( R ) and associated error (AR), and calculated flattening (F) and associated error (AF). Reference paleomagnetic poles used for the calculation of rotation parameters are from Roperch arid Curlier [1992] : pole (80 Ma), latitude 78.9"N, longitude 183"E, a95=3.5"; pole (30 Ma), 80.5"N. 107.3"E, c(95=2.7'; pole (10 Ma), 84.5' ". Geological and structural maps based on Landsat images, field data, and data modified after Amengztal et aZ. [1979] and E. Donato and G. Vergani (unpublished data, 1985) showing (a) the northeastern edge of the Puna (localities 1, 2 and 3), (b) the Cachi -Cerro Tintin area (locality 4), (c) the Chorrillos -San Ger6nimo area (locality 5), and (d) the Arizaro basin area (localities 6a and 6b). Section AA' indicating site locations in the Arizaro area has no vertical exaggeration. (Figure 2 ). Cretaceous and Tertiary sediments were sampled in the southem part of the Tres Cruces basin, on both limbs of the Casa Grande syncline. Cores from site 9 were collected i n coarse-grained red sandstones of the Pirgua Subgroup, between Casa Grande and EI Aguilar, where bedding dips steeply to the ENE (Table 1) . In this basin, the Los Blanquitos Formation i s as much as 500 m thick. Site 10 is within the Yacoraite Formation, a succession of stromatolitic and oolitic limestones, which is intercalated with thin layers of bluegreen and violet clays. This sequence can be as much as 200 m thick. Bedding dips -steeply eastward (Table 1) . Sites 11, 12, and .I3 are within distal alluvial fan deposits of the Casa Grande Formation [Feruandez et al., 19731 . Paleontological data have yielded an upper Eocene age [Feruaridez et al., 19731 for this sequence of red mudstones and sandstones which are up to 800 ni thick and dip gently southwestward (Table 1) .
3.1.4.
Locality 4: Cachi -Cerro T i n t i n ( Figure 3b ). Sites 14 and 15 are along the eastern edge of the Puna plateau, in the northern part of the Valles Calchaquíes, in red evaporitic fine-grained sandstones and mudstones. These strata lie on the Santa Bárbara Subgroup (Paleocene) and are overlain by a thick conglomeratic sequence. They may correlate w i h the Calchaquense Formation, described as being located farther south, in the southern part of the Valles Calchaquíes. A Miocene age i s generally accepted for this sequence [González Boizorino, 1950; Turner, 19701 , although recent studies have shown that ages can vary greatly from one basin to another [Jordan urd Alonso, 1987; Reynolds et al., 19971 . Sites 14 and 15 are located beyond the southem closure of the fault-bend fold of Cerro Tintin where the bedding dips gently southsoutheastward ( Figure 3b and Table 1 ). 3.1.5. Locality 5: Negro de C h o r r i l l o s -S a n Geróninio (Figure 3c ). Sites 18, 19, 20, and al., 19911. This formation is as much as 2500 m thick and is locally folded (for tilt corrections, see Table 1 ).
3.2.

Paleomagnetic Methodology
Samples were analyzed in the paleomagnetic laboratory at the University of Rennes. Remanent magnetizations were measured with either a cryogenic magnetometer (CEA-LETI) or a Schonstedt spinner fluxgate magnetometer. Characteristic components of remanent magnetization were isolated after progressive thermal demagnetization (10 to 15 steps) in Schonstedt fumaces or after alternating field (AF) stepwise demagnetization using a Schonstedt AF instrument. Although thermal demagnetization was the preferred method for isolating the primary magnetization in red beds, we also used AF demagnetization to remove some secondary overprints that were probably induced by lightning strikes. At each step of thermal demagnetization, magnetic susceptibility was also measured, using a Bartington susceptibility meter, to check for magnetic mineralogical transformations upon heating. Characteristic magnetization directions were determined using the least squares lines and planes methods of Kirschvink [1980] . The mean direction for each site was then calculated, by combining lines and great circles as described by McFucMeiz aid McElhiizny [1988] . To investigate the magnetic mineralogy of our samples, we conducted experiments on the, acquisition of isothermal remanent magnetization (IRM), including about 15 steps in a Brucker electromagnet. Anisotropy of magnetic susceptibility (AMS) was measured with a Kappabridge (KLY3S) from AGICO. curves (Figures 5a and 5b ) and the high unblocking temperatures of the characteristic magnetic components indicate that the main carrier of magnetization is hematite.
The second group (labeled 2 in Figure 4 ) includes sites i n Tertiary red sediments (mudstones or fine-grained sandstones). Compared with the first group, these sites have higher values of magnetic susceptibility (ranging from to SI units) and slightly higher NRM intensities. This may be due to a greater proportion of paramagnetic clay minerals. and titanomagnetite grains. IRM acquisition curves show that samples from sites at Cachi (sites 14 and 15) and those of the upper Pozuelos Formation (sites 27/28, 29, and 30) contain a fraction of magnetite (Figures 5c and 50 , whereas samples from the lower Pozuelos Formation (sites 23, 24, 25, and 31) and those from the Casa Grande Formation mainly contain hematite (Figure 5d and Se). For some' samples, magnetic susceptibility abruptly decreased above 600°C (Figure 6a) , suggesting that the magnetite fraction was oxidized t o hematite. For many samples from the upper Pozuelos heating steps of 450°C and 600°C and then abruptly decreased above 6OOOC (Figure 6b ), suggesting that a new magnetic I Formation, magnetic suseptibility increased markedly between mineral, probably magnetite, formed between 450°C and 600°C and was later oxidized at higher temperatures t o hematite, Low-field thermomagnetic measurements confirm that magnetite was present in sample PU1402 before heating, whereas it was created during heating in sample PU2916 (Figure 6c) .
Finally, the third group (labeled 3 in Figure 4 ) includes sites in Mio-Pliocene volcanic rocks and has the highest values of both magnetic susceptibility and NRM, the main magnetic carrier being magnetite.
Paleomagnetic Results
Characteristic Directions
During thermal demagnetization, we observed either (1) a well-defined single component of magnetization or (2) a lowtemperature overprint of normal polarity, due to sample viscosity or abnormal components from lightning strikes.
Characteristic directions (Table 1) , used for calculation of site mean directions, were determined by least squares fits through the origin. On average, most maximum angular deviation angles determined by least squares fit were lower than 5' . For some samples, a great circle path between a secondary component and the primary magnetization was determined when it was not possible to clearly define the characteristic component. * N here denotes number of data used for calculation at sample level.
t For locality 6b, our data are here grouped with diose of Prezzi aiid Vilas [ 19981. were found at different stratigraphic levels within a site, the reversed directions were shifted to normal ones before calculation of the mean characteristic directions.
4.1.1.
Localities 1 and 2. For most samples from sites 1, 2, and 3, thermal demagnetization revealed a single magnetic component (Figures 7a & 7b) . For these three sites, the bedding dips uniformly 21" to 35' northwestward and the tilt-corrected mean direction is D = 22.3", I = -22.4", a 9 5 = 12" ( Figure Sa and Table 2 ). Although it was not possible to perform a fold test for these sites, the shallow inclination of in situ magnetization suggests that it was acquired before deformation.
For sites 4 and 5, we were unable to isolate characteristic directions. These sites were therefore rejected.
For sites 7 and 8 (near Abra Pampa), magnetization is significantly different from that observed for site 6. For site 7 , the magnetization is unblocked at high temperatures ( Figure  7c ). The mean characteristic direction for this site has almost the same inclinations, before or after correction for tilt ( Figure  8b and Table 1 ). If magnetization was acquired before deformation, then the tilt-corrected direction indicates a large clockwise rotation; if acquisition was after deformation, then no significant rotation is required. In contrast, samples from site 8 have secondary magnetizations that were not always completely removed by 680"C, instead well-defined demagnetization paths head toward a characteristic direction. Before bedding correction, the magnetization has a shallow inclination (Table I) , which is incompatible with a postfolding magnetization. After tilt correction, the direction is not too different from the one observed for site 7 (Figure 8 b and Table 1 ). This suggests that the magnetization at site 7 may indeed be older than deformation. For sites 6, 7, and 8, the tilt-corrected magnetic component has a mean direction of D = 42.3", I = -47.7", a g 5 = 19" (Table 2) .
Samples from sites 1, 2, 3, 6, 7, and 8 show only normal polarity componcnts of magnetization ( Table I ), suggesting that it was acquired during the Cretaceous normal polarity superchron, that is, before 84 Ma.
4.1.2.
Locality 3. None of the five sites from this locality provided clear characteristic directions. For site 9, the sandstones of the Pirgua Subgroup are very coarse, and for site 10 the sampled rocks are marine and bioclastic limestones. Thus failure may be due to inadequate lithologies that are poor magnetic recorders. For sites 11 and 12 in red mudstones, the magnetization is of reverse polarity, but the mean directions have large dispersion. These results may be good enough for magnetostratigraphic purposes, but they are useless for' determining tectonic rotations.
4.1.3. Locality 4. Samples from sites 14 and 15 show reverse polarity components of magnetkaticn over a large range of demagnetization temperatures (Figure 7d ). The mean tilt-corrected direction for sites 14 and 15 is D = 214.7", I = 34.7", ag5 = 4.7" (Figure 8d and Table 2 ).
4.1.4.
Locality 5. Sites 18, 19, and 20 show weildefined characteristic magnetizations of normal polarity with high unblocking temperatures (> 500°C; Figure 7e ) or medium to high destructive fields (10 -80 mT). Site 22 shows a slightly different behavior; two or three magnetic phases are present. One has low unblocking temperatures and could be maghemite, as indicated by the large decrease in susceptibility after heating to about 300°C. Another has unblocking temperatures between 55OoC to 590°C and is probably magnetite. The residual magnetization after heating above 600°C is likely to be carried by hematite (Figure 70 . The COUTAND ET AL.: VERTICAL AXIS ROTATIONS ON THE PUNA PLATEAU 22,977 magnetization within each sample is, however, univectorial. We did not find good evidence for folding, and so the mean Ømagnetic direction was not corrected for tilt; it is D = 1 7 , I = -31.9", a95= 14.1" (Figure 8c and Table 2 ).
4.1.5.
Localities 6a and 6 b . Sites 27, 28, 29, and 30 form a first set in the upper member of the Pozuelos Formation (locality 6b). Only two cores were taken at site 2 7 , and so they were combined with those from nearby site 28 (site 27/28). Most samples with reverse polarity characteristic components of magnetization had a normal overprint that was removed at low to intermediate temperatures. For many samples. a normal overprint was almost entirely removed by 450°C (Figures 7g and 7h) . However, for a few samples, an overlap of both magnetizations was found over the entire demagnetization spectrum, the demagnetization path going along a great circle through the characteristic direction. Samples from site 28 show only normal polarity components of magnetization, whereas those from site 29 have reverse polarity components. At all sites, bedding is gently dipping; thus it is easy to identify a normal polarity overprint when the primary magnetization is of reverse polarity, but it is more difficult to separate the primary normal polarity magnetization from a present-day field overprint.
Among sites 27/28, 29, and 30 the mean strike of the bedding varies, but dips are often very gentle. The tiltcorrected mean direction for the four sites is D = 9.9", I = - Table 2 ).
4.2.
Inclination Flattening and Vertical Axis R o t a t i on s
Rotation and flattening parameters were calculated for each site, using reference paleopoles for stable South America defined by Ropercli alid Curlier [I9921 and according to the method given by Beck [I9801 with the correction factor from Dertiurest [I9831 (Tables 1 and 2 ). 
I n c l i n a t i o n .
At almost all localities, our inclinations are flatter than predicted. An exception is lcacality 2, where the inclination is as expected (Figure 9 ).
To obtain paleomagnetic directions close to those expected for a geocentric dipole, we tried to sample rocks representing enough time to average out secular variations. For Tertiary localities, where only one polarity was observed, these secular variations may not have been fully averaged. This may have introduced slight errors in the mean characteristic directions.
A systematic shift of inclinations toward IOW values cannot be explained by southward latitudinal motion of the studied area, and other causes must be sought. The most likely is lithology. Most localities are within red beds, and inclination Significantly, perhaps, these samples show no inclination errors.
4.2.2.
Vertical-axis r o t a t i o n s . The mast notable result of our study is that calculated rotations are clockwise for almost all sites. Exceptions are sites 23 and 24 from locality Ga, where rotations are counterclockwise ( Figure 9 and Table  1 ). However, magnitudes are small and 95% confidence limits are large (-5.4" f 15.9" and -4.9" & 18.5", for sites 23 and 24, respectively).
A second notable result is that rotations calculated for localities 1, 2, 4, 5, 6a, and 6b vary significantly in magnitude from O" to 54" (Figure 9 ; Table 2 ). Among the largest rotations are those recorded by Cretaceous rocks on the Puna (53.9" & 23.4" and 33.8" k 10.9", for localities 2 and 1 , respectively). At l'ocality 2 the tectonic context is not clear, because outcrop data and subsurface data are lacking. At locality 1, the Ocho Hermanos range emerges from a flat plateau with a trend of N45"E, which is oblique to surrounding structures and ranges. According to seismic lines in this area, interpreted by Biariitcci et u¿. [I9871 and ourselves, Mesozoic rocks reach the surface above an east vergent thrust, striking NI0"E (Figure 3a) . This thrust also offsets Ordovician basement.
A large rotation (37.2" f 5") is also recorded by Neogene (Miocene?) red beds at locality 4 along the eastem edge of the Puna (Figures 2 and 3b ; Table 2 ). This locality is at the southern closure of the fault-bend fold of Cerro Tintin between westward verging thrusts, striking NNE-SSW. A moderate clockwise rotation (19.5' k 13.5') was obtained for volcanic rocks from locality 5. This is just south of the "Tuzzgle-El Toro lineament" [Mon, 1979; Allrneridiriger er al.. , 19831, which runs ESE from the volcanic cordillera to the foreland (Figure 3c) . The lineament appears to have been active in the Paleozoic [Mon, 19791 and ., 19831. In the Arizaro basin, sediments of Oligocene age (locality 6a) show no evidence of rotation, whereas Miocene sediments (locality 6b) show a clockwise rotation of 14.9+3.9 (Table 2 ).
4.3.
Anisotropy of Magnetic Susceptibility ( A M S I
A study of AMS may provide information on both sedimentary and tectonic processes [Rochetie aid Vialon, 1984; Kissel et al., 19861 . Anisotropy of magnetic susceptibility is expressed by comparing values of magnetic susceptibility values in three mutually perpendicular directions. The three eigenvalues (K, , , , Ki,[, and Knlin) represent the maximum, intermediate, and minimum semiaxes of the AMS ellipsoid. Mineralogically, K,,, is associated with magnetic lineation and Kmin with the pole to magnetic foliation. In sedimentary rocks, magnetic foliation is initially controlled by depositional processes and enhanced by compaction, whereas magnetic lineation can result from various processes, such as the alignment of elongate particles by water currents [Hamilton and Rees, 19701 or the interference of bedding and horizontal tectonic compression.
We investigated the AMS of all samples ( Figure 10 and Table 3 ). For the Pirgua Formation, no significant results were obtained from the red sandstones. Only samples with a significant clay content displayed consistent results at the site level. Some AMS measurements were also made on samples heated during the course of thermal demagnetization. As indicated before, increases in susceptibility after heating are common in samples from the Arizaro basin. There is also a change in the AMS ellipsoid between both sets of data (Table   3 ). The susceptibility increases are associated with an increase in the degree of anisotropy and especially in Ki,,. However, the main directions of the ellipsoid are not changed. We attribute the increase in K i n to nucleation of stable maghemite or magnetite grains within clay layers. This process enhances magnetic foliation, which is parallel t o bedding. Under these circumstances it would be erroneous t o use magnetic anisotropy as a measure of compaction.
In the central Andes, AMS lineations have been attributed to strain, both for Tertiary sediments on the southeastern edge of the Puna plateau [Aubry et al., 19961 and for the Bolivian Altiplano (Roperch et al., submitted manuscript, 1998) . In both areas, the lineation is parallel to fold axes. It appears to represent an intersection between a planar bedding fabric and a planar tectonic fabric (incipient cleavage), the latter being perpendicular to the principal shortening. Magnetic lineations are better defined for samples from the Arizaro basin and Cachi than for those from Casa Grande ( Figure IO) . The lineation strikes between "E-SSW and NE-SW. 
Discussion
Pattern of Rotations at the Scale of the Central Andes
The vertical axis rotations that we have determined across the Puna are almost all clockwise. They are compatible with those from neighboring areas of northwestern Argentina, northem Chile, and southem Bolivia. Our data thus conform to the overall pattern of rotations displayed across the central Andes. These rotations are so systematically distributed and so wide-ranging, that they must be a fundamental feature of the deformation field at the scale of the orogen. Are these rotations due to spatially continuous oroclinal bending at continental scale or are they due to relative motions between small crustal blocks, or both? No answer: can be given until there is reliable information on the sizes of crustal blocks, if any, and the nature of possible discontinuities between them.
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Differential Rotations Between Crustal Blocks on the Puna Plateau
One way of identifying crustal blocks is by paleomagnetic studies. Rigid blocks should display uniform rotations. Conversely, a jump in rotation should coincide with a block boundary, in other words, a narrow zone of .deformation, which may include faults, folds, or more complex structures.
According to our paleomagnetic results, rotations vary i n magnitude from one locality to another, across the Puna plateau ( Figure 12a ; Table 2 ). Although there may be a tendency for the largest rotations to occur in the oldest rocks (Cretaceous), the number of localities is not large enough t o test this hypothesis, and there are blatant exceptions to it. For example, for lower Oligocene to lower Miocene sediments i n the Arizaro basin (localities Ga and Gb) Tertiary sediments on the eastern edge of the Puna (locality 4), rotations exceed 30". Thus we face the likelihood that contemporaneous rotations vary in magnitude from one locality to another. It is therefore logical to search for discontinuities in rotation at block boundaries, especially at faults. What is the style of faulting on the Puna plateau? Andean shortening is expressed mainly as a series of N-S to WE-SSW trending thrusts, juxtaposing basement ranges and Cenozoic compressional basins (Figure 2) . The thrusts are interrupted by three major transverse lineaments, which trend WNW and are lined by volcanoes (Coranzuli, Tuzzgle, and Cerro Galán). One of these is the Tuzzgle-El Toro lineament, which is left-lateral. Otherwise, most of the faults on the Puna appear to have dominantly dip-slip (reverse) components.
If there is differential rotation across a reverse fault, it implies that the fault has scissoring motion, about an axis normal to the fault plane. This, in turn, means that the offset must vary along strike. To demonstrate scissoring convincingly requires data of at least two kinds (for example, paleomagnetic and structural), so that independent estimates of rotation can be obtained. Such a procedure has been used to demonstrate scissoring on thrusts in the Tadjik depression of central Asia [Bourgeois et al., 19971 and in the Sierras Pampeanas [de Urreìztìeta, 19961 . Furthermore, scissor-type thrusts occurring in these areas result from overall transpressional kinematics, which are also likely to have occurred 'in the central Andes.
Only one fault on the Puna plateau has provided us with sufficient data for independent estimates of rotation. This thrust fault is in the Arizaro depression (Figure 3d ). Its offset clearly decreases northward, as the fault grades into an asymmetric fold (Figure 3d ). Paleomagnetic localities 6a and 6b are in blocks A and B, on either side of this eastward verging thrust (lower diagram of Figure 11 ). We estimate the relative rotation of blocks A and B, using structural, paleomagnetic, and magnetic (AMS) data.
i. For a geometric interpretation based on field data, the top of the conglomeratic Geste Formation has been chosen as a reference surface. Its footwall and hanging wall cutoffs have been projected onto a horizontal plane (upper diagram of Figure 11 ). The width of the obtained lens is equal to the heave of the reverse fault. Any additional heave, due to folding, has been neglected. The triangular shape of the cutoff lens indicates a clockwise rotation of block B, relative to block A, about an axis located where the thrust fault dies out. The apical angle of the lens is a direct measure of the amount of relative rotation.
2. According to the paleomagnetic data, block A for the lower Pozuelos Formation does not show rotation, while block B for the upper Pozuelos Formation has undergone a clockwise rotation of 14.9" f 3.9" relative to block A.
3. The AMS data also differ across the fault. The magnetic lineation strikes at -N 2.9"E in block A and at N16.1"E i n block B (Table 3, Figure 10 and upper diagram of Figure 11 ). If the lineations predate the fault, the mean strike values indicate a clockwise rotation of about 13" for block B relative to block A. This estimate is statistically significant and in good agreement with the rotation value.
Taken together, the structural, paleomagnetic, and magnetic COUTAND ET AL.: VERTICAL AXIS ROTATIONS ON THE PUNA PhTEL4U
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(AMS) data provide reasonable evidence for scissoring on the fault. We note that block B is the widest. The clockwise rotation recorded by block B may thus have a more regional significance than the lack of rotation observed in block A.
Thrust faults are numerous on the Puna plateau. We suspect that scissoring has occurred on many of them at different scales, accounting for the observed differences in rotation from one locality to another.
(a) To demonstrate that such an association is common throughout the entire area of thickened crust in the central Andes would require more data, both paleomagnetic and structural.
In the forearc, where thickening has not occurred, rotations may be associated with other kinds of faults, especially strikeslip and normal faults. Tectonic rotations may also have occurred prior to last stage of Andean uplift.
In contrast, most of the deformation within the AltiplanoPuna occurred in middle to late Cenozoic time. AMS lineations are acquired during the initial stages of deformation and they tend to parallel the principal structural elements, especially fold axes (Figure 12b ). In the central Andes, AMS lineations and tectonic rotations determined from the same localities correlate well (Figure 12c ). This indicates that the AMS lineations, acquired early during the deformation, were subsequently reoriented by tectonic rotations. The slope of the best fit line, calculated from data for three localities in the northern Altiplano and three localities in the Puna, indicates that 70% of the variation in the directions of AMS lineation from north to south is accounted for by tectonic rotations. If we eliminate the largest rotations determined for the Cachi area and the northern branch of the Chuquichambi fault region (Roperch et al, submitted manuscript, 1998) , the slope i s reduced to 0.5. Thus at least 50% of the along-strike variations in the structural trends of the central Andes are accounted for by vertical axis rotations.
If crustal blocks have rotated together with their bounding faults, this does not mean that they have done so in situ, [1987] . On the contrary, even if faults of varbus kinds have rendered deformation discontinuous and have enhanced 6. Conclusions 1. We have obtained satisfactory paleomagnetic results from a study of 373 cores taken at 29 sites (grouped into seven localities) in sediments and lava flows of Cretaceous to Tertiary age, across the Puna plateau of northwestern Argentina. Previously, this area had been almost completely unstudied for paleomagnetic purposes.
2. For almost all localities, paleomagnetic inclinations are flatter than predicted by about 13.9'33.6. We attribute this shallowing of inclination to depositional processes and not to southerly drift.
3. Vertical axis rotations, calculated from paleomagnetic declinations, are clockwise for almost all localities. In this sense, our results are consistent with those from surrounding areas of northwestern Argentina, northern Chile, and southern Bolivia. Our new data therefore enhance the remarkable pattern of rotations associated with the central Andes, in general, and the Arica deflection, in particular.
4.
From one locality to another, rotations nevertheless vary in magnitude (up to 53.9'f 23.4" in the Abra Pampa area). Although there may be a tendency for the largest rotations to occur in the oldest rocks (Cretaceous), the number of localities is not large enough to clearly demonstrate this. In fact, there are blatant exceptions to this generality. Thus we are forced to consider the likelihood that contemporaneous rotations are spatially variable. If so, a jump in rotation should indicate a block boundary.
5. Most faults in the Puna plateau have reverse dip-slip components. A jump in rotation across such a fault implies a scissoring motion. For example, in the Arizaro basin, structural, paleomagnetic, and magnetic (AMS) data provide independent estimates of relative rotation and indicate that scissoring has occurred. We suspect that scissoring has occurred on other thrust faults, but do not have enough data to demonstrate it.
6. At the scale of the Puna, .clockwise rotations are probably associated with reverse dip-slip motions on faults, according to an unconventional domino mechanism. Whether this mechanism has operated across the entire area of thickened crust in the central Andes is a possibility that remains to be demonstrated. Other mechanisms may have operated in the forearc.
7. Even if faulting has enhanced rotation, this does not mean that blocks have remained in situ. On the contrary, oroclinal bending in response to differential shortening is a likely explanation for the overall pattern of rotations across the central Andes.
